Broadly sampled phylogenies have uncovered extreme deviations from a molecular clock with the rates of molecular substitution varying dramatically within/among lineages. While growth form, a proxy for life history, is strongly correlated with molecular rate heterogeneity, its influence on trait evolution has yet to be examined. Here, we explore genome size evolution in relation to growth form by combining recent advances in large-scale phylogeny construction with model-based phylogenetic comparative methods. We construct phylogenies for Monocotyledonae (monocots) and Fabaceae (legumes), including all species with genome size information, and assess whether rates of genome size evolution depend on growth form. We found that the rates of genome size evolution for woody lineages were consistently an order of magnitude slower than those of herbaceous lineages. Our findings also suggest that growth form constrains genome size evolution, not through consequences associated with the phenotype, but instead through the influence of life history attributes on the tempo of evolution. Consequences associated with life history now extend to genomic evolution and may shed light on the frequently observed threshold effect of genome size variation on higher phenotypic traits.
Introduction
The concept of a "molecular clock" predicts that nucleotide substitution rates should scale linearly with time and therefore be equal among lineages. However, rarely do datasets conform to a molecular clock (e.g., [1] ) and broadly sampled phylogenies have clearly documented dramatic lineagespecific molecular rate heterogeneity across the Tree of Life (e.g., [2] [3] [4] [5] [6] ). Life history, or more specifically, generation time, is a strong correlate of among/within lineage rate heterogeneity in both animals and plants [6] [7] [8] . In plants, molecular rates are consistently more variable and typically higher in herbaceous species when compared to "woody" (i.e., trees/shrubs) species. Generation time may play a role in this pattern as herbaceous species typically have shorter generation times than woody species, and hence a greater capacity to accumulate nucleotide substitutions per unit time. Implicit in these results is a renewed appreciation for the link between microevolutionary process and macroevolutionary pattern [9] .
The consistent pattern of life history influences on rates of molecular evolution across several loci [5, 6, 10] implies this pattern may manifest at the whole genome-level-the first phenotypic scale above molecules. The size of any given genome is determined by rates of DNA accumulation (e.g., retrotransposition and polyploidy) and deletions (e.g., via unequal crossing over and illegitimate recombination). The rate of genome size evolution is therefore set by the interplay between selection and drift promoting and eliminating these mutational changes [11] [12] [13] . Indeed, several phylogenetic studies have revealed increases and decreases in genome size [14] [15] [16] [17] .
Extant angiosperms exhibit a growth form dependent distribution in genome size. Woody angiosperms are characterized by small genome sizes with lower overall variance compared to herbaceous species [18, 19] . This asymmetry in genome size variance among growth forms has been interpreted as an indication of large increases in DNA content negatively impacting woody species [19, 20] . However, when viewed in the context of microevolutionary processes, the growth form dependent distribution of genome size could also be explained in part by consequences associated with life history. For example, woody angiosperms take many years to reach reproductive maturity [21] . For genome size, this may allow fewer opportunities for insertion/deletions to occur per unit time. Therefore, in terms of generation time, the smaller and lower variance in genome size exhibited by woody species need not be explained only by functional constraints on the phenotype [19, 22] .
Here, we test for growth-form dependent rates of genome size evolution between woody and herbaceous lineages. Specifically, we test whether woody species exhibit slower rates of genome size evolution than related herbaceous species. To explore genome size evolution in relation to growth form, we combine recent advances in large-scale phylogeny construction [23] with model-based phylogenetic comparative methods [24] . We focus our analyses on two major branches of the angiosperms that are well represented in the Plant DNA C-value database [25] : the Monocotyledonae (monocots; [26] ) and the Fabaceae (Leguminosae or legumes). The monocots are a large clade of mainly herbaceous angiosperms that also contain a few clades of predominately woody species, including the palms (Arecales; [27] ). The legumes are the third largest family of angiosperms and exhibit a wide range of growth habits throughout the clade. It is worth noting that unlike the woody legumes, "woody" monocots do not produce true "wood". In this context, however, we generally define the tree/shrub or "woody" category as simply large plants with long generation times, for example, [6] .
Methods and Materials

Genome Size Data.
The amount of DNA in the unreplicated gametic nucleus (i.e., pollen or egg) is referred to as the 1C DNA amount or holoploid genome size, regardless of ploidy level [28] . However, since many angiosperms undergo polyploidy, the monoploid genome size, or 1Cx value, is also often reported and analyzed. The monoploid genome size represents the amount of DNA in the unreplicated monoploid chromosome set and is calculated by dividing the 2C DNA amount by ploidy. Because rates of evolution can be inflated due to polyploidy, we compare and contrast evolutionary rates between the two measures (see below). We compiled genome size estimates for legumes and monocot species where both the 1C amount and the ploidy level were known. Data from the Plant DNA C-values database [25] were combined with additional genome size estimates not yet listed in the database but published in the literature, resulting in an initial list of 1659 and 565 monocot and legume species, respectively, to search GenBank (see below).
Mega-Phylogeny Construction.
We constructed a megaphylogeny of legumes and monocots using the procedures described in [23] . The mega-phylogeny method applies orthology tests, sequence saturation analyses, and multiple profile-to-profile alignment methodology to user-specified gene regions. Sequence saturation is detected by calculating the median absolute deviation (MAD) assessed on the one-dimensional Euclidean distance between the raw and Jukes-Cantor corrected pair-wise sequence distances. For a given gene region, if the most inclusive grouping of these sequences is saturated (MAD > 0.01) then the group is broken up into less inclusive groups using the next level in the NCBI (National Center for Biotechnology Information) taxonomic hierarchy. After every sequence has been placed in an alignment, the individual alignments are then "profile aligned" into a larger alignment. Profile-to-profile alignment combines separate alignments, while preserving the structural elements that are highly conserved between them [29, 30] . We employed a guide tree based on the phylogeny of the NCBI taxonomy to carry out profile alignments.
For the monocots, we specified atpB, matK, ndhF, rbcL, rps16, trnL-F, and ITS as our gene regions of interest. For the legumes we specified matK, psbA-trnH, rbcL, trnL-F, ITS, and ETS. However, instead of compiling all possible monocot and legume taxa for a given gene region, we limited our GenBank search to only return sequences for taxa represented in our genome size dataset. The mega-phylogeny matrix construction pipeline was carried out in Python (Ver. 2.5) with the BioPython (Ver. 1.48) module using the BioSQL (Ver. 1.0.1) database schema. Each phylogeny was inferred from the resulting matrix using RAxML (Ver. 7.0.4; [31] ), partitioning each gene region and applying a GTRMIX model of rate substitution. For monocots, the maximum likelihood tree was rooted with Acorales (sensu [32] ) and the legumes were rooted with the tribe Cercideae (sensu [33] ). In both cases, due to synonymy and errors in Genbank, the trees were further pruned to match our genome size data sets (for a complete list see supplementary materials).
Time Calibrating the Mega-Phylogeny.
We time-calibrated the legume mega-phylogeny using the nonparametric rate smoothing method (NPRS; [34] ) with the Powell algorithm in r8s (Ver. 1.71; [35] ). The NPRS analysis was restarted three times with different starting values to ensure convergence to a global optimum. We selectively assigned five age constraints from age estimates inferred by Lavin et al. [36] . These included the Umtzia crown group (54.0 million years ago, Mya), the Hologalegina crown (50.6 Mya), the Vigna-Phaeseolus split (8.0 Mya), and one assigned to crown Fabaceae (59.0 Mya). We also assigned a constraint within the dalbergioid clade that corresponded to a node in our tree (49.1 Mya).
For the monocots, we selectively assigned eight age constraints using the mean absolute age estimates from Smith et al. [37] . Six age constraints corresponded to the crown age estimates for major clades of monocots (Asparagales, 99.8 Mya; Arecales, 70.9 Mya; Poales, 74.8 Mya; Zingiberales, 88.5 Mya; Commelinales, 76.8 Mya), two corresponded to deep divergences (Liliales + Asparagales, 121.3 Mya; crown Commelinids, 114.9 Mya), and one was assigned to crown monocots (163.5 Mya). We initially used the same procedure to date the monocot tree as above, but the nonparametric rate smoothing analysis did not run to completion. To deal with this problem, we reduced the dataset to 200 tips and reran the NPRS analysis to completion. We obtained the estimated ages for all nodes in the reduced dataset and placed Journal of Botany 3 them in the full dataset. We then used the nonparametric dating method PATHD8 [38] to infer ages for the remaining uncalibrated nodes. PATHD8 uses mean path lengths from the node to tips and deals with substitution rate variation by smoothing rates locally.
Comparative Analyses.
To test for differences in the rate of genome size evolution (1C and 1Cx DNA content) among woody and herbaceous lineages, we compared the fit of single-and two-rate models of Brownian motion evolution. Any phenotypic trait found to accumulate evolutionary change in proportion to time is best described by Brownian motion [39] . The time-independent parameter, σ 2 , or the variance of phenotypic evolution, describes the rate at which this process proceeds. The single-rate model assumes that all analyzed branches accumulate evolutionary changes in genome size at the same rate, σ 2 , while the multiple-rate model assigns a separate rate to each lineage that differs in a particular discrete character state (e.g., σ 2 woody , σ 2 herb ). We carried out the single-versus two-rate model comparisons using the "noncensored" approach in BROWNIE (Ver. 2.1; [24] ). Because the "noncensored" approach assumes the discrete character state of internal branches are known, we used a procedure implemented in BROWNIE that estimates the likeliest growth form state (e.g., woody or herbaceous) across all branches in a given tree based on character codings at the tips. Evaluating the best-fit model between the singleand two-rate models was based on the sample size corrected Akaike Information Criterion (AICc; [40] ). The "best" fit model was chosen based on a slightly modified AICc. Because we are only comparing two models, we always calculated AICc as AICc obtained from the single rate model minus the AICc from the two-rate model. A AICc of <2 was taken as evidence for the single-rate model, whereas a AICc >2 indicated considerable evidence for the two-rate model.
We also tested for mean differences in genome size among extant woody and herbaceous species in both our monocot and legume datasets. However, many types of evolutionary processes could have produced the observed trait differences, including Brownian motion. Therefore, we assessed genome size differences among growth form and compared the results of a conventional ANOVA to a null distribution based on ANOVA results obtained from simulations of Brownian motion evolution [41] . This was used to test whether significant species differences between growth forms were larger than would be expected given a random model of Brownian motion evolution. We used the R [42] package GEIGER [43] to generate 1000 Monte Carlo simulations using our input tree topology and timecalibrated branch lengths. We compared the observed Fstatistic calculated using an ordinary ANOVA to a null distribution of F-statistics obtained from the Monte Carlo simulations to test for significance. If the observed F-statistic was greater than 95% of the null distribution, then trait differences were greater than expected based on a model of Brownian motion evolution. We carried out this test within each clade separately, using both 1C and 1Cx DNA content.
We log 10 transformed the genome size data prior to all analyses to ensure the data minimally conformed to Brownian motion evolution [23, 44] . Under a simple Brownian motion model of evolution (as we employ throughout), a given trait should have an equal probability of increasing or decreasing in the same magnitude given its current state. However, this assumption is inherently violated when traits, such as genome size, are constrained to be nonzero. For example, given a genome size of 0.25 pg, an increase or decrease of 0.50 pg is not likely to occur in equal probability. Rather, in this case, change would be better expressed as a proportion, where the probability of an increase or decrease of say, 50%, is likely to occur regardless of the initial genome size at speciation. Thus, it is generally acknowledged that genome size evolution may be better represented as proportional change through an a priori log 10 transformation [23, 44] .
Results
Mega-Phylogeny.
Our final matrices for the Monocotyledonae (monocots) and Fabaceae (legumes) consisted of 495 and 250 species, respectively. The combined matrix for the legumes comprised 60 woody species from 20 genera and 190 herbaceous species from 21 genera. The woody species were mostly confined to the clades corresponding to the Cercideae, Mimosoideae, and Caesalpinioideae, with additional occurrences found within the Papilionoideae. For monocots, the matrix comprised 213 genera belonging to 9 of the 10 orders of monocots recognized by the Angiosperm Phylogeny Group [27] . Slow growing, tall and/or "woody" genera have been described in several different monocot families, including Arecaceae, (e.g., Cordyline, Dasylirion, Dracaena, Nolina), Bromeliaceae (e.g., Puya), Dasypogonaceae (Dasypogon, Kingia), Pandanaceae (Pandanus), Strelitziaceae (e.g., Ravenala), Velloziaceae (Vellozia), Xanthorrhoeaceae (e.g., Aloe and Xanthorrhoea), and the woody bamboo genera in the tribe Bambuseae of Poaceae (e.g., Phyllostachys, Sasa, Semiarundinaria). However, due to the absence of genome size and/or sequence data for many of these genera the effect of growth form analyses were restricted to comparisons between (i) Dasypogon (Dasypogonaceae; 1 species), the "woody" palms (Arecaceae; 34 species), and the "woody" Aloe (Xanthorrhoeaceae; 5 species), (ii) the remaining species which were classified as herbaceous (452 species).
The combined matrix for the monocots contained 10,922 sites and 74.5% gaps or missing sequence, while the legume matrix had a total length of 8221 sites that contained 80.4% gaps or missing sequence. In both cases, the majority of the sequence data came from ITS (Table 1) . Additionally, the degree of saturation varied among gene regions, ranging from profiling broad clades (e.g., rbcL) to profiling mostly tribes and genera (e.g., ITS; Table 1 ). Interestingly, of the all genes sampled, only rbcL did not require some degree of profile alignment (Table 1) . It is worth noting that the degree of saturation was not related to whether or not the gene was protein coding. For example, in both the legume and monocot data set, the noncoding trnL-F regions required as much profile aligning as the coding matK (Table 1) . Table 1 : Gene regions specified in the mega-phylogeny construction of Monocotyledonae (monocots) and Fabaceae (legumes). The median absolute deviation (MAD) was used to assess sequence saturation and to parse sequences into separate files based on NCBI taxonomy and brought together again using NCBI-based guide tree and profile-to-profile alignment methodology (see Methods and Materials).
Phylogeny
Gene N indicates the number of sequences in GenBank returned according to our input search list; however, due to synonymy and errors in GenBank the final tree was pruned to exactly match our genome size data set. AICc is calculated as the AICc obtained from the single rate model minus the AICc obtained from the two-rate model, where a AICc < 2 was taken as evidence for the single-rate model, whereas a AICc > 2 indicated strong evidence for the two-rate model.
Rates of Genome Size Evolution.
In both the monocots and legumes, we found that the genome size data were best fit by a two-rate model of Brownian motion evolution, which inferred a separate rate for woody and herbaceous lineages ( Table 2 ). For legumes, the two-rate model applied to the 1C DNA content was strongly supported (ΔAICc = 85.4) and woody lineages were inferred to accumulate changes in genome size an order of magnitude slower than related herbaceous lineages. Even when testing 1Cx DNA content, the disparity in rates between woody and herbaceous legumes remained (Table 2 ). In monocots, the two-rate model was also strongly favored (ΔAICc = 44.8) with accumulated changes in 1C DNA content occurring at a rate that was also an order of magnitude slower than related herbaceous lineages. Although a significant difference in rates was still detected ( AICc = 17.7), the discrepancy in inferred rates was somewhat reduced between growth forms when testing 1Cx DNA content (Table 2 ).
Across monocots, there were no significant differences in genome size among woody and herbaceous species (F 1,493 = 0.533, P = .904). For the legumes, mean genome size was significantly smaller in woody species than herbaceous species (F 1,248 = 27.5, P < .001). However, the phylogenetically informed ANOVA suggested that the mean values between woody and herbaceous species of legumes were significantly different, but no more different than would be expected under a model of gradual Brownian motion (P = .253). In other words, the observed mean differences among growth form could have arisen by chance alone.
Discussion
Our analyses demonstrated that the tempo of genome size evolution is strongly influenced by growth form. In both monocots and legumes, the best fitting model of evolution for genome size inferred a separate rate for each growth form, with woody lineages accumulating changes in genome size at rates that were consistently an order of magnitude slower than related herbaceous lineages ( Table 2 ). The pattern was consistent across not only two very distinct clades of angiosperms, but also two separate measures of genome size (1C and 1Cx DNA content; Table 2 ). Therefore, our results suggest that life history alone can impose constraints to the evolution of genome size. These constraints likely reflect the influence of generation time with the longer generation times that characterize woody species [21, 45] providing fewer opportunities for changes in genome sizes to occur per unit time (e.g., [46] ).
Plants, unlike animals, do not sequester a germ line early in development, which has the potential for somatic mutations to accumulate throughout growth, particularly for plants with longer generation times. Indeed, there is evidence for greater somatic mutations in longer-lived species compared to annuals on a per generation basis [47] [48] [49] [50] . Thus, if an increased number of somatic mutations also involve changes in genome size, then this would complicate any generation time explanation for the observed slower rate of genome size evolution in presumably longer-lived woody species. However, extensive intraindividual and intraspecific variation is not commonly observed for genome size [51] [52] [53] suggesting that although there is a potential for a greater number of somatic mutations in longer-lived species to contribute to genome size differences, this may not be a significant factor. The observed excess of new radial cell files in the vascular cambium of trees has been suggested to be one important mechanism for removing somatic mutations from the meristematic population [45, 54] . Likewise, various plant life cycle characteristics (e.g., pollen tube competition, interovule selection within the same ovary, selective seed/fruit abortion, etc.) have the potential to purge defective genotypes arising from both somatic and gametic mutations without markedly reducing reproductive capacity [47, 55] . Such characteristics may contribute towards explaining the observed reduction in accumulated mutations per unit time in woody species despite the potential for more mutations to accumulate on a per generation basis (e.g., [6] ).
Additional life history correlates such as effective population size may also play a role, though they are less clearly associated with the observed disparity in rate. Angiosperm trees are reported to have large effective population sizes [45] , which would make selection more efficient at removing deleterious mutations and excess DNA [13] . Stronger selection in woody species would be consistent with the suggestion that large increases in DNA content negatively affect woody growth and physiology [19, 20] . However, we found no significant phylogenetic differences in genome size between woody and herbaceous species in either the monocot or legume data sets (Figures 1 and 2 ), which would be expected if small genome sizes were a requirement for woody species [19] . Moreover, there was no consistent pattern of woody species having smaller genome size in genera consisting of both woody and herbaceous species. For example, within the primarily herbaceous genus Medicago, the only woody representative, M. arborescens, has a genome size that is nearly twice that of most other species in our dataset. This was also true within the monocot genus Aloe (Xanthorrhoeaceae) and is a general observation from angiosperm genera not included in this study (see [18] ). In addition, it is clear that not all woody plants possess small genome sizes, as the completely woody Acrogymnospermae (a clade containing the four major lineages of extant "gymnosperms"; [26] ) are characterized by much larger genomes that are 12 times the modal value of angiosperms [56] . Nonetheless, the influence of selection and generation time may not be mutually exclusive, but assessing a potential asymmetry in selection due to growth form will require developing models of phenotypic evolution that allow decoupling of the strength of selection (e.g., OrnsteinUhlenbeck model; [57, 58] ) across discrete character states.
Small genome sizes are consistently associated with a large range of phenotypic variation that decreases with increasing genome size. This pattern has been documented for a suite of traits, including climate tolerance [59] , leaf mass per unit area (LMA; [60] ), maximum height [61] , and seed mass [62] . For example, very large genome sizes do not produce small-sized seeds and species with small genome sizes exhibit a range of seed sizes [62] . While genome size may set the minimum seed mass due to size constraints at the cellular level (e.g., large genomes are not contained within small cells; [19] ), it remains unclear why the largest seeds are not associated with large genomes. Perhaps, the observed upper constraint does not relate to genome size at all, but instead reflects the constraint imposed on genome size evolution by generation time. Trees and shrubs produce large seeds in comparison to herbaceous species [63, 64] , suggesting that the preponderance of seed mass variation at smaller genome sizes may simply reflect a diversity of growth form. Because "woodiness" confers a marked reduction in the rate of genome size evolution, the decreasing phenotypic variation with increasing genome size may simply be a function of insufficient time having elapsed for woody angiosperm to evolve large genome sizes.
Further analyses should focus on large-scale comparisons of growth form dependent rates of genome size evolution in order to uncover a generality. In addition, more focused studies on specific life forms such as succulents, parasites, geophytes may also help to resolve and refine the interplay and influence of growth form on rates of genome size evolution. Such approaches require increased sampling efforts of genome size estimates for species across a broad range of taxonomic groups. Nevertheless, our results of monocots and legumes suggest that, in addition to molecular substitution rates [2, 5, 6] , growth form can also influence the tempo of genome size evolution. Therefore, given the consistency across two scales-molecules and genomes-a logical next step is to examine higher phenotypic traits in relation to growth form. Only through combining trait databases (e.g., Glopnet [65] ; SID [66] , etc.) with the construction of broadly sampled phylogenies (e.g., [23] ) will interesting life history trends continue to be uncovered. Tables 1 and 2 in the supplementary material list all species and associated growth form designation included in the combined mega-phylogeny matrix of monocots and legumes; see tables 1 and 2 in the supplementary material available online at doi: 10.1155/2010/989152.
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